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Introduction

« Thrust measurement is critical to the
characterization of electric propulsion (EP)
systems.

Quantify: thrust, specific impulse, and efficiency.

Challenging because of low thrust to weight
ratios of EP systems.

Sources of potential error must be well
understood for reliable data.

Strong need for detailed uncertainty analysis.

- NASA GRC vacuum facility 5 (VF-5) and
vacuum facility 6 (VF-6) have similar
Inverted pendulum thrust stands.

Several other NASA GRC thrust stands also
exist with similar characteristics.
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Model of an Inverted Pendulum Stand
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Methodology

- Classic approach of Figliola and y, £
Beasley, Abernethy et al., or
Moffat.
+U

— Design-stage, single-measurement

v

/|
. y /
- Propagate error of independent — T iy
: 7] ==
sources using a truncated Taylor J
. . X
Series expansion.

- Combine normalized error
sources using a root sum of
squares (RSS) type norm.
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Methodology (cont.)

- Thrust stands can be operated in one
of two modes:

— Displacement mode

» Load vs. deflected position

— Null coil mode

»  Position held constant with a restoring
force provided by a “null coil”

Calibation Load C;,, mN

» Load vs. null coil current 16

- Example calibration dataset (right) can e e e e e
be reliably fit with a linear regression.

« Thrust can be estimated from

calibration regression parameters and .
null coil shunt voltage. T'=a+b VT i UT

- Obijective of this work is to quantify the UT 950, Confidence
possible difference between a

“measured” thrust and the “actual”
thrust to some confidence level.
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Thrust vector eg = 1 — cos(6) 0 Thrust vector angle
Stand displacement drift klx; — X |x; — x;], | Stand position drift,
A k=w?m | Stiffness
Stand velocity drift clxr — % |x; —%;|,  Stand velocity drift,
BT T c Damping coefficient
Stand inclination drift mg sin|yr — ¥;| lyr — 7:|, | Stand inclination drift,
€ = T mg Thruster weight
Shunt thermal drift alty — & |t; — &;|, = Temperature drift,
Eshunt = “Rope a, Thermal sensitivity,
R punt Nominal resistance
Calibration slope SyVr 1 a Sy Calibration gain
repeatability Cslope = 7 = Sb (g - ﬁ) standard deviation
Calibration regression Y(C, — [a + bV;])? Ci, Calibration force,
correlation n—2 a+ bV, Calibration regression
€5,y = 7
DAQ uncertainty Uy, T—a Uy, Data acquisition
ey, = 7, =i, uncertainty
Calibration uncertainty o — 10T Uc, Calibration uncertainty,
==

see table 2
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
I Thrust vector eg = 1 — cos(6) 0 Thrust vector angle I
Stand displacement drift AN FRE=A el StANd position dritt,
Thruster Mode Stiffness
Stand velocity drift Stand velocity drift,
N I*_VT Damping coefficient

Stand inclination drift ! jm Stand inclination drift,

' ! Thruster weight
Shunt thermal drift + Temperature drift,

| Thermal sensitivity,
i Nominal resistance
Calibration slope L Calibration gain
repeatability € ™~ standard deviation
Calibration regression ¢ Ny Calibration force,
correlation Calibration regression
€
DAQ uncertainty _ Data acquisition
= X7, %7 uncertainty
Calibration uncertainty - Calibration uncertainty,
ec, = =3~ Ug, '
i~ Tac, C see table 2
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Thrust vector eo.=1—cos(A) 6 Thrust vector angle
Stand displacement drift klxr — x| |x; — Xx;|, | Stand position drift,
A k=w?m | Stiffness
Stand velocity drift clir — %, %, — x|, otand velocity drift,
| _ _ ping coefficient
Stand inclination ¢ Calibration Mode Thruster Mode inclination drift,
mg . mg ter weight
Shunt thermal dri LT " )T " erature drift,
I T | al sensitivity,
I; X’L 7 - _“_“é:-*E S'J', 7 F1al resistance
Calibration slope +_.5 Hf } Lation gain
repeatability | ' | [ | rd deviation
Calibration regreg ation force,

correlation

DAQ uncertainty

Calibration uncer

ation regression

cquisition
ainty

ation uncertainty,
ble 2
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Thrust vector eg = 1 — cos(6) 0 Thrust vector angle
Stand displacement drift klx; — X |x; — x;], | Stand position drift,
€x =7 & k = w?m | Stiffness
Stand velocity drift clxr — % |x; —%;|,  Stand velocity drift,
€x = 7 c Damping coefficient

Inclination dri

Inclination

| Calibration Mode Thruster Mode  fer weight
Shunt thermal drif| m I‘erature drift,
4q myg e -
| YT al sensitivity,
i m - | m nal resistance
Calibration slope \i 4 _jé:ﬁ ki s ation gain
repeatability C; i rd deviation
Calibration regres | ~-T 0 T + | ation force,
correlation p ation regression
¢ k
DAQ uncertainty '< '< fcquisition
N; Ny ainty
Calibration uncert ation uncertainty,
Q A Q A ple 2
SOR . b x
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Thrust vector eg = 1 — cos(6) 0 Thrust vector angle
Stand displacement drift klx; — X |x; — x;], | Stand position drift,
A k=w?m | Stiffness
Stand velocity drift clxr — % |x; —%;|,  Stand velocity drift,
I c Damping coefficient
Stand inclination drift mg sin|yr — ¥;| lyr — 7:|, | Stand inclination drift,
€ = T mg Thruster weight
unt thermal dri L

Calibration slope
repeatability
Calibration regress
correlation

DAQ uncertainty

Calibration uncertg
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Thrust vector eg = 1 — cos(6) 0 Thrust vector angle
Stand displacement drift klx; — X |x; — x;], | Stand position drift,
A k=w?m | Stiffness
Stand velocity drift clxr — % |x; —%;|,  Stand velocity drift,
BT T c Damping coefficient
Stand inclination drift _mg sinly; — ¥ lyr — 7:|, | Stand inclination drift,

ey

Thruster weight

Shunt thermal drift alty — & Temperature drift,

Cshunt = T a, Thermal sensitivity,

shunt — . .
Ropune Nominal resistance

Calibration slope SV A g\ S _Calibration gain
repeatability : : rd deviation
Calibration regresy Calibration Mode Thruster Mode  ion force.
correlation R =20 R = 2010 ation regression

DAQ uncertainty

Calibration uncert

— AN~

t; = 25°C

I

e AVAVAVES

t; = 28°C

fcquisition
ainty

ation uncertainty,
le 2
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Sources of Uncertainty

Sourga Mwu[ameter Description
A
Thrust vector Q |ust vector angle
Stand displacen] 2 o, + 7 d position drift,
5 —+="—.T.—+———+——-_T_——"::|_ —————— _1_":> fness
Stand velocity d| € + Fd velocity drift,
'c—g / ping coefficient
Stand inclinatio d inclination drift,
I _ I:Jster weight
Shunt thermal cl Time perature drift,
s Zom— ~ - . ..\.rr_nal sen_smwty,
pr— "_
Calibration slope SpVr 1 a Sy Calibration gain
‘ repeatability Cslope = 7 = Sb (g - ﬁ) standard deviation
Calibration regression Y(C; — [a + bV,])? C;, Calibration force,
correlation n—2 a+ bV, Calibration regression
€5y = =
DAQ uncertainty Uy, T—a Uy, Data acquisition
ey, = V. Vi b uncertainty
Calibration uncertainty 10T U, Calibration uncertainty,
‘= Tac, ¢ l see table 2
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Thrust vector e = 1 — cos(6) 0 Thrust vector angle
Stand displacement drift A (|, | Stand position drift,
= L Stiffness
Stand velocity drift S [|, Stand velocity drift,
5 + * Damping coefficient
Stand inclination drift ‘g + |, | Stand inclination drift,
g + Thruster weight
Shunt thermal drift + |,  Temperature drift,
. > Thermal sensitivity,
Shunt Voltage Nominal resistance
Calibration slope STVT ™ =7 Calibration gain
repeatability €slope = =~ = Sb (3 ~ ﬁ) standard deviation
Calibration regression Y(C, — [a + bV;])? Ci, Calibration force,
correlation n—2 a+ bV, Calibration regression

uncertainty v Uy, ata acquisition
ey, = 7 = Uy, 5 uncertainty
Calibration uncertainty _1or Uc, Calibration uncertainty,
G = Tac, C see table 2
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Thrust vector e = 1 — cos(6) 0 Thrust vector angle
Stand displacement drift A (|, | Stand position drift,
= L Stiffness
Stand velocity drift S [|, Stand velocity drift,
5 + .t Damping coefficient
Stand inclination drift ‘g ¥ |, | Stand inclination drift,
g + Thruster weight
Shunt thermal drift + |,  Temperature drift,
. > Thermal sensitivity,
Shunt Voltage Nominal resistance
Calibration slope STVT ™ =7 Calibration gain
repeatability Cslope = 7 = Sb (g - ﬁ) standard deviation
Calibration regression Y(C, — [a + bV;])? Ci, Calibration force, -
correlation n—2 a+ bV, Calibration regression
Sa_cv — T
DAQ uncertainty Uy, T—a Uy, Data acquisition
ey, = 7, = Uy, b uncertainty
alibration uncertainty ToT Ue, Calibration uncertainty,
€c; = see table 2

=——U,
i T Tac, C
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Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Thrust vector e = 1 — cos(6) 0 Thrust vector angle
Stand displacement drift A (|, | Stand position drift,
= L Stiffness
Stand velocity drift S [|, Stand velocity drift,
5 + % Damping coefficient
Stand inclination drift ‘g ” |, | Stand inclination drift,
g + Thruster weight
Shunt thermal drift + |,  Temperature drift,
. > Thermal sensitivity,
Shunt Voltage Nominal resistance
Calibration slope STVT ™ =7 Calibration gain
repeatability Cslope = 7 = Sb (g - ﬁ) standard deviation
Calibration regression Y(C, — [a + bV;])? Ci, Calibration force, -
correlation n—2 a+ bV, Calibration regression
€5,y = 7
DAQ uncertainty Uy, T—a Uy, Data acquisition
i T T Vi uncertainty
Calibration uncertainty 10T Uc, Calibration uncertainty,
€ =7 see table 2
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Calibration Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Calibration alignment e, = 1 — cos(p) 7, Calibration alignment
angle
Calibration pulley moment M M Calibration pulley
M =T moment
Calibration mass Un,9 Unn, Calibration mass
uncertainty €m; = C, uncertainty
Calibration gravity Uy U, Calibration gravity
uncertainty 9=y uncertainty

National Aeronautics and Space Administration
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Calibration Sources of Uncertainty

Source

Calibration alignment

Relative Uncertainty

e, = 1 — cos(p)

Parameters

Parameter Description

Calibration alignment
angle

Calibration pulley moment M M Calibration pulley
em = F moment
l
Calibration mass Un,9 Unn, Calibration mass
uncertainty €m; = C, uncertainty
Calibration gravity Uy U, Calibration gravity
uncertainty 9=y uncertainty

National Aeronautics and Space Administration
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Calibration Sources of Uncertainty

Source

Relative Uncertainty

Parameters
of Interest

Parameter Description

Calibration alignment

Calibration pulley moment

e, = 1 — cos(p)

Calibration pulley
moment

Calibration alignment

’r .
Calibration mass _Un,g Un. Calibration mass
uncertainty €m; = C, uncertainty
Calibration gravity Uy U, Calibration gravity
uncertainty 9=y uncertainty

National Aeronautics and Space Administration
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Calibration Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Calibration alignment e, = 1 — cos(p) 7, Calibration alignment
angle
Calibration pulley moment M M Calibration pulley
M =T moment
Calibration mass Un,9 Unn, Calibration mass
uncertainty €m; = C, uncertainty
Calibration gravity Uy U, Calibration gravity
uncertainty 9=y uncertainty

National Aeronautics and Space Administration
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Calibration Sources of Uncertainty

Source Relative Uncertainty Parameters Parameter Description
of Interest
Calibration alignment e, = 1 — cos(p) 7, Calibration alignment
angle
Calibration pulley moment M M Calibration pulley
M =T moment
Calibration mass Un,9 Unn, Calibration mass
uncertainty €m; = C. uncertainty
Calibration gravity Uy U, Calibration gravity
uncertainty €9 = g uncertainty
¥¢f

National Aeronautics and Space Administration

20



Combination of Sources

U
eT=?T=\/e§+e,%+ ey + el T eope oo+ +

shunt

Uci=7\/efo+ +en, +e;
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r 5 *
5 T+
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+ + >
L Shunt Voltage _
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~ Mode Thruster Mode
Lt R =20 R = 2.01Q
+ I i
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Time

‘ | t; = 25°C tr = 28°C
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Case Study NASA VF-6 Thrust Stand

- VF-6 inverted pendulum thrust stand has been recently
constructed with uncertainty quantification in mind.

— Technology Development Unit (TDU) 12.5 kW Hall
thruster for Advanced Electric Propulsion System (AEPS).

- Null and damper coils on PID feedback loops.
- Inclination control on PID feedback loop.

- Linear variable differential transformer (LVDT) position
measurement for PID feedback.

- Laser triangulation sensor as secondary position
measurement.

- Electrolytic inclinometer tilt sensor for PID feedback.

- Inertial inclinometer tilt sensor for secondary inclination
measurement.

« In-situ calibration mechanism.

- Protective thermal/environmental shroud.
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Stand Characterization

- Stand stiffness, damping coefficient, and total
dynamic mass were calculated.

— May change with different thrusters, different thrust
stands, and different setup configurations.

Displacement Mode Operation

&0 900 : |
d ) ety b) 500 y=1.5133x - 11.038
500 * R%=0.9999
4 Z 700
e ¥ =
= 8§ 2
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= Sy =
o $ 9 soo
Pt 4
= 300 y - =
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Q @ 1
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S : )
& 200 o R 5 300
- ©
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100
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o B . 0
0 100 200 300 0 100 200 300 400 500 600
Time, s Displacement, um

Stand Stiffness k=1.5 mN/um
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Stand Characterization (cont.) @
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Stand Characterization (cont.) @

Nominal Quiescent Operation

-
o

Stand d tion from mean, Um
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Stand Velocity x=0.3 mm/s
Total Mass mgigng + Menruster—(14.9+46.7) kg




Summary of Assumed Values

Parameter Term Assumed Value
TDU Mass Mrpy 46.7 kg

Stand Mass Mstand 14.9 kg

Total Weight mg 604 N

Stand natural frequency W, 0.788 Hz
Stand damping coefficient C 1.5 kg/s

Stand position drift lxr — X;| | 2.4um

Stand velocity drift |ty — x| 0.3mm/s
Stand inclination drift lyr — ¥:| | 2.0 arc seconds
Shunt thermal sensitivity a 100 ppm/°C
Shunt thermal drift lt; —t;| | 10°C

Thrust vector alignment angle 0 2.0°
Calibration slope repeatability Sh 1.54 mN/V
DAQ uncertainty Uy, 600 puVvV
Calibration pulley moment M 2.7e-6 Nm
Calibration alignment angle 7, 2.0°
Calibration mass uncertainty Unp, 0.1g

Gravity uncertainty U, 0.01 m/s?

National Aeronautics and Space Administration
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Summary of Assumed Values

Parameter Term Assumed Value
TDU Mass Mrpy 46.7 kg
Stand Mass Mgtand 14.9 kg
Total Weight mg 604 N
Stand natural frequency W, 0.788 Hz
Stand damping coefficient c 1.5 kg/s
Stand pogitiao-drift el 2 A .
Stand vel Characterization Results |/S
Stand inc} o) V| D T - keconds
Shunt the] - ¥ = In/°C
Shunt the} bt L e et |
Thrust v 4 i = - |
Calibratd .~ . ,J NV
Calibrati o Nm
Calibratic
Calibratic
Gravity uf g[ul:“ o s

2l ll.‘lhk'[‘)""‘ 1 : | ‘.Lilj\;‘i‘ i L"':f‘lﬁi\'?‘i' Ix[
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Summary of Assumed Values

Parameter Term Assumed Value
TDU Mass Mrpy 46.7 kg
Stand Mass Mstand 14.9 kg
Total Weight mg 604 N
Stand natural frequency W, 0.788 Hz
i efficient C 1.5 kals
Stand position drift lxr — X;| | 2.4um
Stand velocity drift |ty — x| 0.3mm/s
Stand inclination drift lyr — ¥:| | 2.0 arc seconds
hunt thermal sensitivity o 100 pom/SC

Shunt thermal drift

Thrust vector alignment angl

Calibration slope repeatabilit

DAQ uncertainty

Calibration pulley moment

Calibration alignment angle

Calibration mass uncertainty

Gravity uncertainty

Calibration Mode Thruster Mode

nj Vi ”iq Yr
I m m
[: % T\QE 5 s
t
b

CD——CD
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Summary of Assumed Values

Parameter Term Assumed Value
TDU Mass Mrpy 46.7 kg

Stand Mass Mstand 14.9 kg

Total Weight mg 604 N

Stand natural frequency W, 0.788 Hz

Stand damping coefficient C 1.5 kg/s

Stand position drift lxr — X;| | 2.4um

Stand velocity drift |ty — x| 0.3mm/s

Stand inclination drift
Shunt thermal sensitivity

100 ppm/°C

— v 2.0 arc seconds

Shunt thermal drlft

Calil Calibration Mode

10°C

Thruster Mode

National Aeronautics and Space Administration

Cali R =20 5 T\-i R = 2.010Q
— o — o
Gra t; = 25°C tr = 28°C
Power Ratin Resistance Range®
Type T g. e < Tolerances T ST
Heatsink|  Freeir” | Resistance Min Max Coefficients
o +1% ( R20.10 -
PF2205 s5oW 1w 2.3°CIW 0.020 51K [mﬁ ' ‘.i]ﬂ:lpprr‘)"c (01Q=R <10Q
==
1% (R20.10) +50ppmi*C { R210€1 )
PF2203 JoW 1w 33cmw 0.0102 SR 5% +100ppm°C (0.1I0SR < 10Q)
= +260ppmi°C (R <0.102)
0.1%.0.25%.0.5%, (R+210 0) +50ppmi*C { R2 1041 )
PF2202 20w 1w 5.9°CIW D020 S1K: 1% ( R20.10) +100ppm°C (D.1I0=R <10Q )
+5% +350ppm°C (R < 0.102)
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Thruster Mode

}_’ Xr, x,’

Diagnostic for Verifying the Thrust Vector Requirement of
the AEPS Hall-Effect Thruster and Comparison to the
1] NEXT-C Thrust Vector Diagnostic

Gabriel F. Benavides?, Jonathan A Mackey”, Drew M. Ahern?®, and Robert E. Thomas*
NASA Glenn Research Center, Cleveland, OH, US4 44135

Shunt thermal drift It —t.1 __ 10°C

|_Thrust vector alignment angle 0 2.0° |
Calibration slope repeatability Sh 1.54 mN/V
DAQ uncertainty Uy, 600 pVv
Calibration pulley moment M 2.7e-6 Nm
Calibration alignment angle 7, 2.0°
Calibration mass uncertainty Unp, 0.1g
Gravity uncertainty U, 0.01 m/s?

National Aeronautics and Space Administration
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Summary of Assumed Values

Parameter Term Assumed Value
TDU™ ‘ E—
48 Calibration Runs

Calibration Slope
4
+
+
+
L+
+
+
+
+
+
+
.|.|
+
+

) > Ps

Time —
Shunt thermal dritt tr — t;] | 100C
Thrust vector alignment anale 6 2.0°
Calibration slope repeatability
DAQ uncertainty Uy, 000 pV
Calibration pulley moment M 2.7e-6 Nm
Calibration alignment angle 7, 2.0°
Calibration mass uncertainty Unp, 0.1g
Gravity uncertainty U, 0.01 m/s?
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Summary of Assumed Values

Parameter Term Assumed Value
TDLUJ Mass v 01 46 .7 ka

A
© adoolA SYsiEm speCimications and =
© MbAbd 3,-r rary + (08 ~F readina 1 T
3 DMM accuracy + (% of reading + % of range)
c + + Includes measurement error, switching error, and transducer conversion error
g Measurement including switch error
]
Pt Temperature
E + + 24 hour B4 90 days 1 year coefficient/°C
© Function Range ¥/ Frequency, etc. Teal 2 1°C Teal £ 5°C Tcal £ 5°C »Teal £ 5°C
U DC voltage 100.0000 mV 0.0030-0.0035 0.0040 - 00040  0.0050 - 0.0040 0.0005 - 0.0005
+ with 345214/224 o = 0.0020 - 00006 0.0030 - 0.0007 WIaTF= P —
+ 314/324) 00 w 0.0015+0.0004  0.0020 + 0.0008
> Inputimpedance = Hi-Z o - o 0.003 - 0.0006 0.0045 - 0.0006 LO0hD S o e u.u00
Vrange and below  300.0000V 003 - 0.002 0.0045 - 0. 0055 -0.0030  0.0005-0.0003
Sh t V |t v 300.0000V 0.003 - 0.0020 0.0045-0.0030  0.0055-0.0030 0.0005 - 0.0003
unt Voltage

Shunt thermal drift it — &,] | 10°C
Thrust vector alignment angle 0 2.0°
Calibration slope repeatabilit S 1.54 mN/V

| DAQ uncertainty U, 600 pVv |
Calibration pulley moment M 2.7e-6 Nm
Calibration alignment angle 7, 2.0°
Calibration mass uncertainty U, 0.1¢g
Gravity uncertainty U, 0.01 m/s?
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Summary of Assumed Values

Parameter Term Assumed Value
TDU Mass Mrpy 46.7 kg

14 0 lco

wq at ty [

m; _ Ih(w, —wq) |
(to _ tl)

Calibration slope repeatability Sh 1.54 mN/V
DAQ uncertainty U, 600 uVv
| Calibration pulley moment M 2.7e-6 Nm |
Calibration alignment angle 7, 2.0°
Calibration mass uncertainty Unp, 0.1g
Gravity uncertainty U, 0.01 m/s?
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Summary of Assumed Values

Parameter Term Assumed Value
TDU Mass Mrpy 46.7 kg

Stand Mass Msiang 14.9 kg

Total Weight] DA N

Stand dampif ¢+ 5 kg/s

Stand natura) » *\M 788 Hz
/()
.

Stand positio 4um

Stand velocit) 3 mm/s
Stand inclina] Conservative o 0 arc seconds
Shunt thermd Estimate J|' DO ppm/°C
Shunt therm: ) DoC

Thrust vecto m;g 0°
Calibration sfopeTepeatanmTty ST .54 mN/V

Calibration mass uncertainty U,
Gravity uncertainty U, 0.01 m/s?
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Summary of Assumed Values

Parameter Term Assumed Value
TDU Mass Mrpy 46.7 kg

Stand Mass Mstand 14.9 kg

Total Weight | IN

Stand natural f{ ¢ M I8 Hz

Stand damping ' N\ Kka/s

Stand position ¢ Im

Stand velocity ¢ Inm/s

Stand inclinatiq Range of mass

Shunt thermal § discrepancies +

Shunt thermal {
Thrust vector a

Calibration sl0flemmepeorer

J

@ Arc seconds
ppm/°C

I~
-4

DAQ uncertainty

600 pV

Calibration pulley moment

2.7e-6 Nm

Calibration alionment angle 2.0°
I Calibration mass uncertainty Up, 0.1g |

Gravity uncertainty

Uy

0.01 m/s?

National Aeronautics and Space Administration
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Summary of Assumed Values

Parameter Term Assumed Value
TDU Mass Mrpy 46.7 kg
Stand Mass Wciced 14 9 kg
¢ M
G ‘)E" GEODETIC REFERENCE SYSTEM 1980
T by H. Moritz
m; g(p = 41.4161°N) = 9.80297 m/s?
assumed = 9-81 m/sz
alipration SIOpPe repeataplility S TOXMN/V
DAQ uncertainty Uy, 600 pVv
Calibration pulley moment M 2.7e-6 Nm
Calibration alignment angle 7, 2.0°

Calibration mass uncertaint Uy, 0.1
I Gravity uncertainty U, 0.01 m/s? |
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Uncertainty Results

- Relative uncertainty ranges from 7 to 1% depending on thrust level.
— TDU generally operates 400 to 600 mN, so realistic uncertainty is between 1 to 2%.

— Higher thrust has lower relative uncertainty.

- Absolute uncertainty (also full scale uncertainty) is fairly constant over
full range, ~6.9 mN.

8

7

Uncertainty
4 U (o)

)(’](‘]Ul'v'(‘? y

|

0 100 200 300 400 500 600 700
Measured Thrust, mN
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Uncertainty Sources

- Pareto plots highlight the leading sources of uncertainty for two cases
of nominal thrust (100mN and 600mN).

- Inclination drift and displacement drift account for >70% of the
uncertainty.

- Calibration uncertainty, slope repeatability, velocity drift, and DAQ
uncertainty are the remaining significant sources.

100 mN 600 mN

a) 10} V . ' ) 90% b) 2l 1 ' : e

- aael e 185%

< 4 16} i 176%

2 87 " 172% >

= E14 ; 166%

= _ E4D 157%

8 154% &

£ & 1] 147%

2 gy & 0B 138%

E E_ 0.6 1 28°/o

) O]

= 118% 047 119%

02 [ 1 9%
0% 0 0%
e e e e. e e e e e e e

X C X Vv v X C S Vv X eu
I I I 1
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Scaling Parameters

- Scaling results to other thrust stands, thrusters,
and configurations will depend primarily on three
scaling factors:

— TDU in VF-6 stiffness to thrust ratio k/T = 2.54 mm™?!
— TDU in VF-6 damping to thrust ratio ¢/T = 2.54s/m
— TDU in VF-6 weight to thrust ratio mg/T = 1023

- Considering uncertainty only, it is advisable to
minimize these terms.

— Temporal resolution of the stand may suffer for low
stiffness ratio.

— Structural integrity of the stand may suffer for low

weight ratio.
| Aeronautics and Space Administration



Conclusions

- A 95% confidence uncertainty of =6.9mN has
been established for TDU In VF-6.

- The leading sources of uncertainty are stand
Inclination drift and stand displacement drift.

- A stand characterization method and a set of
scaling parameters have been established and
calculated for the case study.

- Future Work:

— Various thrusters on VF-6 thrust stand, other inverted
pendulum thrust stands, torsional thrust stands, and
guantification of additional sources.
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